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Abstract: The technologies for generating strong magnetic flux density of 10 T ~ 1000 T have been developed and 
become to be utilized for fundamental science studies, especially for solid-state physics. These technologies enable to 
control the high-energy particles in a compact region, and explore the new frontier of nuclei conversions and nuclear 
fusion studies. The methods to generate strong mirror field for high-energy particle confinement and handlings are 
described in this paper. 
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1. INTRODUCTION 
One of the major concerns in the society of the 
high-energy particle science for wide uses is the 
development of compact devices to produce a new 
particle by nuclei conversions [1-5]. Almost all 
experiments related with nuclei conversion studies in 
which the primary particles must be energized highly 
are often performed by high-energy particle 
accelerators, so the scale of conventional particle 
accelerators becomes very large. It was too difficult to 
produce and control high-energy particles in a compact 
region because the Larmor radius becomes very large 
(Figure 1). Nuclei conversion by a compact device 
requires the confinement of high-energy particles in an 
effective region. Recently, the techniques of strong 
magnetic field formation have been developed, called 
the Mega Gauss technique [6]. 10 ~ 100 T field 
excitation by using non-destructive coils [7] and 100 ~ 
1000 T field excitation by the magnetic flux 
compression method [8] using revolver type coils are 
turned to practical use, especially for fundamental 
studies on solid state physics. A magnetic mirror field 
or a cusp field is one of the simplest configurations to 
confine charged particles. There is a possibility of  
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forming the field by the Mega Gauss technique, 
although it is difficult to make the strong field by a cusp 
field due to a force-free problem. The example of the 
model magnet to generate the mirror field and one of 
the scenarios to generate the strong mirror field over 
100 T are described in this paper. The nuclei 
conversion is expected by highly heating of particles 
using a pulsed laser into the strong mirror field formed 
by the Mega Gauss technique. 
 
Figure 1: Kinetic energy dependence of magnetic rigidity Bρ 
for each particle. 
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2. STRONG MAGNETIC FIELD EXCITATION BY 
USING NON-DESTRUCTIVE COILS 
A large current excitation is the simplest method to 
obtain a strong magnetic field. Recent improvements 
on power supplies enable to generate MA-class large 
current pulses. The severest problem on the use of the 
large current pulses is the mechanical breakdown of 
excitation coils due to the oscillating motion by pulsed 
electromagnetic force and the heating stress by Joule 
loss. Figure 2 shows the model magnet assembled for 
examination of strong magnetic field configuration. The 
magnet is a split type of solenoids to confirm some 
possibilities to confine MeV-class particles by mirror 
field, to bend the orbit of GeV-class particles by Tesla-
class circumference field of the magnet, and to 
undulate electrons to produce photons by synchrotron 
radiation. The whole magnet assembly is immersed      
in liquid helium to cool down to 77 K for reducing the 
resistance of coils from 52 mΩ to 18 mΩ and the Joule 
heating loss resulting from the reduction of coil 
resistance. The all components of the magnet 
assembly are made of non-magnetic materials to avoid 
unfavorable magnetization. The winding wire is made 
of mixed materials of 75% copper and 25% silver to 
improve a mechanical strength. Figure 3 shows the 
equivalent electric circuit used for the large-current 
excitation. The power supply is a simple capacitor 
discharge circuit. Charging to 2.5 mF bank capacitors 
and switching by two series of ignitrons generate a 
large current pulse into a magnet throughout high-
voltage coaxial cables. The inductance of the magnet L 
is 177.7 µH and the total amount of resistance is 46 
mΩ. The waveforms of the magnetic flux density that 
are similar to the results from a simulation were 
measured by use of a small pick-up coil (Figure 4). 
Figure 5 shows the excitation linearity of the magnetic 
flux density measured at the center of the magnet 
where is the bottom of the mirror field. No unfavorable 
nonlinear effect was observed. Figure 6 shows the 
measured magnetic field profile along the longitudinal 
direction for the charging voltage of 1 kV. The favorable 
mirror field was formed. The magnetic flux density of 16 
T at the bottom and 50 T at the peak (under the 
solenoid coil) were obtained for the charging voltage of 
10 kV, and then the mirror ratio is about 3. Figure 7 
shows the measured radial profile of the magnetic flux 
density at DC low-current excitation to investigate 
magnetic flux density precisely. The results show that 
the radial profile is favorable. The residual field was 
also measured after excitation by 800 A pulsed current 
with 20 µs half-sine waveform, which is equivalent to 1 
T at the peak. From the result, the peak field is 1.5 
gauss, which is equivalent to 0.015% of the peak, then 
that is enough small for handling of high-energy 
particles. 
 
Figure 2: Model magnet assembly of split–type of solenoids. 
Table 1: Parameters of the Magnet 
Name Value Unit 
Number of windings 40 (each solenoid)  
Bore diameter 18 mm 
Gap width 30 mm 
 
The solenoid coils will be broken by mechanical 
oscillation and overheating with further current 
excitation. The boundary condition of the coil being 
broken is difficult to be defined. The change of magnet 
inductance is referred as an experiential index. A coil 
assembly is shrunk slightly due to pulsed 
electromagnetic force, and then the coil inductance 
increases slightly. In the other experiments, solenoid 
coils often were broken when the deviation ratio of 
magnet inductance δL/L reached to 3%. The deviation 
ratio of the model magnet described in this paper is 
1.7% for 50 T excitation (Figure 8). 
 
Figure 3: Equivalent electric circuit used for the large-current 
excitation. 
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Figure 4: Measured waveforms of magnetic flux density (left) 
and simulated waveforms of excitation current (right). In the 
left figure, each measured waveform is obtained for the 
charging voltages to the capacitor of 1, 3, 5, 7, 8, 9 and 10 
kV. In the right figure, the red line shows the measured 
current waveform and the blue line shows the simulated 
waveform of the case assumed that the coil has zero-
resistance. 
 
Figure 5: Excitation linearity of magnetic flux density. The 
horizontal axis indicates the charging voltage. The vertical 
axis indicates the measured magnetic flux density at the 
center of the magnet. There was no unfavorable nonlinear 
effect. 
 
Figure 6: Measured longitudinal magnetic field profile at the 
charging voltage of 1 kV. 
 
Figure 7: The radial profiles of magnetic flux density. The top 
figure shows the results of DC-excitation. The bottom figure 
shows the residual magnetic field. 
 
Figure 8: Deviation ratio of magnet inductance δL/L. The 
charging voltage of 10 kV generates 50 T at the peak. 
3. FURTHER STRONG FIELD BY MAGNETIC FLUX 
COMPRESSION 
Now, a higher magnetic flux density than 100 T can 
be generated. A high intensity laser [9, 10] can 
generate more than 20000 T, but the spatial region 
where the field generated is very small. The laser-
driven field technique can generate more than 1000 T 
in 1-mm region [11], and is expected to generate more 
than 10000 T, theoretically. It is however difficult to 
control excitation current stability, so another technique 
is expected. The flux compression method, which is 
rather reproducible of more than 100 T field, is 
described in this paper. The possibility of strong mirror 
field formation is discussed to show the fundamental 
scenario by a theoretical approach here. 
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The fundamental concept of the field compression 
method is based on the mechanical compression of the 
inner single-loop coil, called as a liner coil, by the 
Lorentz force caused by external magnetic field and the 
eddy current in the liner coil induced by the external 
time-varying magnetic field. A primary coil generates 
the pulsed magnetic field for inducting the eddy current 
in the liner coil (Figure 9). The liner coil is a cylindrical 
low-resistance metal pipe and is floated mechanically 
and electrically from a primary coil. A huge current is 
induced along the circumferential direction of the 
cylinder by a time-varying field generated by primary 
coil current, and then the Lorentz force generated by 
the induced current and the external magnetic field 
shrinks the liner coil mechanically. The liner coil keeps 
a solid body till break down. Then the cross-section of 
the cylinder increases, the resistance of it decreases 
and larger current that forms higher magnetic flux 
density is induced in it. The fundamental prospect can 
be understood by a simple calculation based on the 
combined equations of electromagnetic field, 
equivalent circuit model and a rigid body motion. An 
example of the time-varying field in a cylindrical 
symmetry is described here. 
A central magnetic field is the sum of an initial 
external field B0 (DC component), a primary field 
B1(pulsed component) and a field B2 generated by the 
liner coil, 
B = B0 + B1 + B2 .           (1) 
Assuming the liner coil is a rigid body, the radial 
dependence of the liner coil resistance R can be 
expressed by the cross-section S, radial position r and 
those initial values S0 and r0, respectively, 
 
Figure 9: Schematic figure of the coil structure for the field 
compression method. 
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where ρ is an electrical resistivity of the liner coil 
material. The cross-section is estimated by 
S = ld             (3) 
where l and d are the length and the thickness of the 
liner coil, respectively. The volume 2πr/S is constant 
due to a rigid-body condition [12]. The calculation ends 
at the following condition: 
r = d 2 = r0d0 2 .          (4) 
the motion of the liner coil is described as follows: 
B0 + B1( ) I2 = m d
2r
dt 2 !G r ! r0( )          (5) 
where I2 is the induced current in the liner coil, m is the 
mass of the liner coil, and G is the Young’s modulus. 
Each magnetic field is calculated by the Biot-Savart’s 
law and the current in the liner coil can be estimated by 
the loop voltage Vloop induced by the time-varying flux 
Φ, which produced by the primary coil current. The Vloop 
is written by 
Vloop ~ !
d"
dt = !
d
dt B1 + B2( )2#r dr0
r
$  
= !
d B1 + B2( )
dt 2"rdr0
r
# ! 2"r B1 + B2( )
dr
dt         (6) 
2RI= . 
Every time-varying function can be calculated by 
Eqs. (1), (2), (5) and (6). Figure 10 shows the example 
of the calculation results in the case of the parameters 
 
Figure 10: Representative calculation results in the case of 
the parameters listed in Table 2. The red line indicates the 
magnetic flux density. The black line indicates the primary 
coil current, the green line indicates the induced current in 
the liner coil, and the blue line indicates the radius of the liner 
coil. 
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listed in Table 2. The field compression can be 
observed after 8 µs and the magnetic flux density more 
than 250 T can be expected. 
Table 2: Parameters Used for the Calculation 
Name Value Unit 
Primary coil dimension L100×R40 mm 
Liner coil material Copper  
Young’s modulus of Liner coil material 80 GPa 
Liner coil initial dimension L30×R32×t2 mm 
Resistivity of liner coil 1.72×10-8 Ωm 
 
 
Figure 11: Drawings of shrinks. The shrinking speed at the 
center would be faster due to the end effect of the cylinder, 
so mirror field cannot be obtained (left). The shrink speed can 
be controlled by changing a mechanical strength, for 
example, changing the thickness of the cylinder as the right 
figures. 
When the liner coil starts to shrink, the shrinking 
speed at the center would be faster than that at the end 
due to the end effect of the cylinder, so the mirror field 
cannot be obtained well (Figure 11 left). On the other 
hand, changing a mechanical strength, for example, 
changing the thickness of the cylinder can control the 
shrink speed, and the mirror field will be obtained 
(Figure 11 right). Figure 12 shows the example of the 
magnetic field formed by a distorted ring liner. The 
distorted ring liner is shrunk by the eddy current 
induced in it, then it generates a strong mirror field, 
whereas a flat cylinder generates a divergent magnetic 
field. There is, therefore, a possibility to form mirror 
field, as shown in Figures 13 and 14. 
 
Figure 13: Calculated results of liner coil radius in the four 
cases for initial thickness of the liner coil of 2.0, 1.8, 1.6 and 
1.4 mm. 
 
Figure 14: Calculated results of magnetic flux density in the 
four cases for the initial thickness of the liner coil of 2.0, 1.8, 
1.6 and 1.4 mm. 
The strong mirror field is the impulse of µs pulse 
width, but it is sufficient to confine and fuse high-energy 
particles. It is, of course, expected to form a flat in 
some time domains by adding a little modulation to a 
primary excitation current. 
SUMMARY 
The model magnet with 50 T (at the peak) / 16 T (at 
the bottom) and the magnetic field compression 
method are introduced to form a strong mirror field for 
nuclei conversions. Practical design of the strong mirror 
field formation will be performed by the simulation 
using a finite element analysis in the nearest future. 
 
Figure 12: Example of the mirror field formed by a distorted 
ring liner. The right figure shows the longitudinal magnetic 
field profile. The red line shows the mirror field when the 
distorted ring liner (left figure) shrunk. The blue line shows 
the divergent magnetic field when the flat cylinder shrunk. 
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Especially, the time change of the temperature by 
Joule loss and the like should be deliberated for the 
precise estimation and design. 
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